Mapping of cis-diamminedichloroplatinum(II) (cis-DDP, cisplatin) DNA adducts over >3000 nucleotides was carried out using a replication blockage assay. The sites of inhibition of modified T4 DNA polymerase, also referred to as stop sites, were analyzed to determine the effects of local sequence context on the distribution of intrastrand cisplatin cross-links. In a 3120 base fragment from replicative form M13mp18 DNA containing 24.6% guanine, 25.5% thymine, 26.9% adenine and 23.0% cytosine, 166 individual stop sites were observed at a bound platinum/nucleotide ratio of 1-2 per thousand. The majority of stop sites (90%) occurred at G n>2 sequences and the remainder were located at sites containing an AG dinucleotide. For all of the GG sites present in the mapped sequences, including those with G n>2 , 89% blocked replication, whereas for the AG sites only 17% blocked replication. These blockage sites were independent of flanking nucleotides in a sequence of N 1 G*G*N 2 where N 1 , N 2 = A, C, G, T and G*G* indicates a 1,2-intrastrand platinum cross-link. The absence of longrange sequence dependence was confirmed by monitoring the reaction of cisplatin with a plasmid containing an 800 bp insert of the human telomere repeat sequence (TTAGGG) n . Platination reactions monitored at several formal platinum/nucleotide ratios or as a function of time reveal that the telomere insert was not preferentially damaged by cisplatin. Both replication blockage and telomere-insert plasmid platination experiments indicate that cisplatin 1,2-intrastrand adducts do not form preferentially at G-rich sequences in vitro.
INTRODUCTION
cis-Diamminedichloroplatinum(II) (cis-DDP, cisplatin) is used in the treatment of several types of cancer including those of the genitourinary tract and certain carcinomas of the lung, head and neck. Considerable effort has been expended to characterize cisplatin-DNA cross-links and to understand how the drug functions as an antitumor agent (1) (2) (3) . The principal adducts formed between cisplatin and double-stranded DNA are 1,2-intrastrand cross-links of adjacent deoxyguanosines with platinum binding to the N7 positions of the bases. The remaining lesions include 1,2-intrastrand cross-links of AG pairs and longer-range intra-and interstrand cross-links involving guanine bases. Adduct profiles in cisplatin-treated cancer patients demonstrate that tumor response correlates to levels of 1,2-intrastrand d(GpG) cross-links (4) (5) (6) .
Studies of other DNA-modifying drugs, including aflatoxin (7) and nitrogen mustards (8) , which also react with the N7 position of guanine, reveal that reactivity depends upon local sequence context. The number and types of cisplatin crosslinks with duplex DNA are known, but the influence of sequence context on cisplatin binding has not been extensively investigated. Reactions of platinum compounds with singlestranded or hairpin oligonucleotides demonstrate that adduct formation is influenced by DNA conformation, the nature of the platinum species, and sequence (9) . In addition, analysis of cellular and purified genomic DNA by using a Taq DNA polymerase or exonuclease blockage assay (10) (11) (12) (13) (14) (15) reveals that cisplatin binds predominantly to G-rich sequences (16, 17) . None of these investigations has clarified whether platination of such G-rich regions is due to intrinsic targeting of cisplatin to these sites or simply to the statistically greater number of potential binding sites in such G-rich regions. Selective binding of cisplatin to functionally G-rich regions of the genome, such as promoter sequences or telomeres, could play an important role in the genotoxic mechanism of the drug (18, 19) .
In the present study we have employed double-stranded replication mapping to analyze the long-range sequence dependence of cisplatin binding to DNA. Preferential blockage occurs at G n>2 sites, and a sufficient number of nucleotides were examined to analyze the sequence context of cisplatin binding. In addition, platination of a plasmid containing an 800 bp telomeric (TTAGGG) n repeat was examined. In agreement with data from the replication blockage experiment, the platinum content of the 800 bp insert was proportionally higher than in the remainder of the plasmid, but only as predicted by the greater number of binding sites within the insert. Together these experiments suggest that cisplatin does not specifically target G-rich regions in vitro.
MATERIALS AND METHODS

Preparation and platination of plasmid DNA
Oligodeoxyribonucleotide primers were purchased from New England Biolabs (Universal primers, reverse primers, 17mers and 24mers) or synthesized by solid phase phosphoramidite chemistry (primers for the SV40-containing genomes). Replicative form M13 DNA containing 200-400 bp inserts from the HAP4 gene of Saccharomyces cerevisiae was isolated by the cleared lysate method. Plasmid DNA from pUC19-based plasmids containing inserts from the SV40 virus was prepared by similar methods. DNA was allowed to react with cisplatin at a formal drug-to-nucleotide (D/N) f ratio (r f ) of 0.00125 for 16 h at 37°C in 1 mM sodium phosphate, 3 mM NaCl, pH 7.4. Following ethanol precipitation and washing to remove the excess platinum, the DNA was quantitated by UV-visible absorption spectroscopy and the platinum content was determined by atomic absorption (AA) spectroscopy to get the bound drug-to-nucleotide ratio, (D/N) b or r b .
Replication mapping on platinated templates
Preliminary experiments using single-stranded M13mp18 DNA were carried out to determine the effect of platinum levels on the replication process. M13mp18 viral DNA was modified with cisplatin to an r b of 0.002-0.02. Dideoxynucleotide triphosphates (Bethesda Research Laboratories) were dissolved in deionized water and, after the pH was adjusted to 7.0, stored at 20°C. The DNA was primed with a 17mer Universal primer (New England Biolabs) by heating to 85°C and cooling slowly to room temperature. Initially, [α-35 S]dATP (5 µCi, 600 µCi/µmol, Amersham) and unlabeled dGTP, dCTP and TTP (0.2 µM) were added to the primed template in 25 mM Tris-Cl (pH 7.6), 6.5 mM dithiothreitol (DTT), 12 mM MgCl 2 , and 30 mM NaCl and incubated with modified T7 polymerase (1-5 U Sequenase, US Biochemical) for 10 min at room temperature. An excess of all four dNTPs was added for a total dNTP concentration of 40 µM and the incubation was continued for 15 min. The reaction was stopped by the addition of a solution of 90% formamide, 5 mM EDTA, 1% bromophenol blue and xylene cyanol. The samples were denatured by heating to 85°C and analyzed by electrophoresis on 8% acrylamide/7 M urea gels. Sequencing reactions were carried out according to the Sequenase protocol (US Biochemical) and resolved in parallel by gel electrophoresis. The gels were dried and autoradiographed at room temperature for 2-5 days.
In subsequent replication mapping experiments an r b of 0.001-0.002 was used to allow identification of the stop sites over the greatest number of nucleotides. Double-stranded plasmid DNA was denatured with 2 N NaOH and a 2-10-fold excess of primer was added just prior to neutralization with ammonium acetate and ethanol precipitation. Replication was initiated by addition of Sequenase enzyme to the primed template in the presence of [α-35 S]dATP (5 µCi, 600 µCi/mmol, Amersham) and unlabeled dGTP, dCTP and TTP (0.2 µM) in 25 mM Tris-Cl (pH 7.6), 6.5 mM DTT, 12 mM MgCl 2 and 30 mM NaCl and incubated for 10 min at room temperature. An excess of all four dNTPs was then added for a total dNTP concentration of 70 µM and the incubation was continued for 15 min at 37°C. The replication reaction was stopped, the DNA was denatured and the products were resolved by electrophoresis as described above. Double-stranded templates were used for the sequencing reactions, primed in an identical manner to the platinated samples, and sequencing reactions were carried out according to the Sequenase protocol. The sequence of the various plasmid DNAs was read and verified for internal consistency by comparing the gels. An error rate of one incorrect base per 250 nucleotides for the sequenced DNA was estimated by determining the number of errors in the sequence of M13mp18 compared to the published sequence (20) . A comprehensive list of the mapped sequences and the identified stop sites can be found in the Supplementary Material available at NAR Online.
Preparation of telomere-containing plasmid
pSP73.Sty11, a plasmid containing an 800 bp insert of (TTAGGG) n , was obtained as a gift from T. deLange (Rockefeller University, New York, NY). The plasmid was introduced by electroporation into XL1Blue Escherichia coli cells. A transformed colony was grown in 5 ml of LB media inoculated with 100 µg/ml ampicillin at 37°C for 8 h. The starter culture was evenly divided between 6 × 500 ml cultures that were inoculated with 150 µg/ml of ampicillin. Cultures were shaken at 200 r.p.m. and incubated at 37°C overnight. After centrifugation at ∼6000 g for 15 min at 4°C, the supernatant was decanted away from the bacterial pellet. Cells were lysed and the plasmid DNA was isolated by using a 2500 Mega Kit (Qiagen). Plasmid isolation was performed by using the procedures, buffers and columns supplied with the kit. The yield was 14.9 mg of plasmid DNA.
Platination reactions with telomere-containing plasmid
In time-course experiments, pSP73.Sty11 plasmid (3.4 mM) was combined with cisplatin (71 µM) in 0.60 mM sodium phosphate (pH 6.8) and 1.9 mM NaCl (100 µl reaction volumes). At 0.5, 1, 2, 4 and 8 h, 20 µl aliquots were removed, quenched with 5 M NaCl (1 µl), and frozen until analysis. Thawed aliquots were spin dialyzed through G-25 Sephadex Quickspin columns (Boehringer-Mannheim). Effluents were mixed with 50 U of EcoRI (Gibco BRL) in 1× REACT 3 buffer (supplied with the enzyme) at 37°C for 1 h. Reactions were stopped by enzymatic inactivation by incubation at 65°C for 30 min. Reaction mixtures were diluted with 4 µl of 6× native PAGE loading buffer and loaded onto a 1% agarose dye gel (0.5 µg/ml ethidium bromide). The gels were run at constant voltage (100 V) in 1× TAE buffer. After 1 h, gels were visualized under UV light and the 800 bp insert and pSP73 bands were excised from the gel. Gel slices were transferred to Eppendorf tubes, and the DNA was isolated via spin dialysis using a QIAEX II Gel Extraction Kit (Qiagen). DNA isolation was performed by using the procedures, buffers and columns supplied with the kit. The isolated DNA was analyzed by UVvisible and atomic absorption (AA) spectroscopy to determine the r b value of each fragment.
In a related set of experiments, pSP73.Sty11 plasmid (3.6 mM) was combined with cisplatin at several r f values (0, 0.007, 0.009, 0.011, 0.015) in 0.55 mM sodium phosphate (pH 6.8) and 1.65 mM NaCl (20 µl reaction volumes). The reaction mixtures were incubated at 37°C for 18 h. According to the methods described above, reaction mixtures were treated with EcoRI, resolved by electrophoresis, isolated by spin dialysis and analyzed by UV-visible and AA spectroscopy.
RESULTS
Replication blockage assay
Preliminary experiments were used to determine the level of platination that allowed replication to proceed over a substantial distance, while enabling blockage sites to be observed. Figure 1 shows replication mapping on templates modified with increasing levels of cisplatin. The lowest level of modification, r b = 0.002 (lane 1), gave clear blockage sites when the replication products were resolved by gel electrophoresis and stop sites could be read throughout the sequence. At higher levels of adduct formation, r b = 0.0075 (lane 2), replication inhibition was increased to such an extent that it was not possible to determine stop sites over all of the readable sequence. At higher r b values, intensity of the stop sites decreased (lane 3), owing to the high probability that the enzyme encounters platinum adducts at sites close to the primer. Therefore, for purposes of replication mapping over a large number of nucleotides, r b values of 0.001-0.002 were employed. This level of platination gave approximately one to two platinum adducts per thousand nucleotides, well below saturation of the available GG sites in a random DNA sequence.
Platinated DNA was primed, replicated and resolved by gel electrophoresis in parallel with replicated control plasmid and sequencing reactions on the control template (Fig. 2) . In all, 3120 bases were resolved: 771 (24.6%) G, 793 (25.5%) T, 839 (26.9%) A and 717 (23.0%) C. The experiment identified 166 individual stop sites containing at least two adjacent deoxyguanosines. Sequences with G n>2 were counted as one stop site although there are several possible adducts that can form and more than one band was observed on the gel. There were 195 distinct GG sites that blocked replication, including all sites for which G n>2 ; for example, the sequence TG 1 G 2 G 3 G 4 has three GG sites, G 1 G 2 , G 2 G 3 and G 3 G 4 . The lanes corresponding to the platinated template were compared with the corresponding control lanes and bands appearing in the cisplatin-modified lane but not in the control lane were tabulated according to their sequence context (Table 1) . There were a small number of stop sites that did not contain deoxyguanosines and did not appear likely to be platinum binding sites. These sites were also weak stop sites in the control lane and were always in close proximity to a strong stop site that contained multiple deoxyguanosines. Apparently, local changes in secondary structure due to the presence of nearby platinum adducts intensified natural stop sites. Only one stop site that was unique to the experimental lane appeared at a site that did not contain a deoxyguanosine.
The stop sites were classified into groups according to the presence of potential platinum binding sites. The sites considered included GG, AG and GNG sites, where N = A, C or T. Because all of the observed stop sites could be classified into one of these three categories, low frequency (<4%) interstrand cross-links were not taken into account (21, 22) . Table 1 summarizes the frequency of different sites in the sequence and in the stop sites. The majority (∼90%) of stop sites occurred at GG pairs, however, ∼10% of stop sites were due to AG pairs (Table 2) . Stop sites that involved GG pairs were evaluated according to whether they included more than two deoxyguanosine residues in tandem. Stop sites in which more than two deoxyguanosines were present accounted for ∼19% of all observed stop sites. The remaining sites were a result of a single GG pair.
The number of stops observed at each possible flanking sequence containing a central GG platinum binding site is given in Table 3 . Table 4 shows analogous data for sites containing a central AG pair. Tabulation of these stop sites reveals that the number of stop sites at each possible flanking sequence for N 1 GGN 2 is nearly equal to the frequency of that site in the total sequence (Table 3) . Although there does appear to be a slightly greater number of stop sites for sequences containing adjacent purines (Table 5) , there is not a substantial difference between the frequency of such sites in the whole sequence and their frequency as stop sites. 
Platination of telomere sequences
The plasmid pSP73.Sty11 comprises an 800 bp insert of the human telomere repeat (TTAGGG) n embedded in a commercially available 2464 bp vector, pSP73 (Promega). Plasmid pSP73.Sty11 was allowed to react with cisplatin, and was then subjected to digestion with EcoRI to excise the 800 bp insert from the vector. The 800 and 2464 bp fragments were separated by agarose dye gel electrophoresis. The bands were isolated and the DNA recovered using spin dialysis methods. The platinum content of each fragment was evaluated by UV-visible and AA spectroscopy as a function of time and r f . The results of these experiments, shown in Figure 3 , reveal that the 800 bp telomere insert acquires more platinum per nucleotide than the remainder of the plasmid. The doublestranded 6 bp telomere repeat TTAG 1 G 2 G 3 contains two potential GG sites, G 1 G 2 and G 2 G 3 , for every 12 nt, or 16.7% of all dinucleotide neighbor pairs in telomere repeats. A purely random DNA fragment would be expected to have 0.25 × 0.25 or 6.25% of adjacent bases as GG sites. Telomere repeats therefore contain 2.67-fold more GG target sites than random DNA. The telomere:pSP73 r b ratio found in the time-course (2.54 ± 0.04) and variable r f (2.75 ± 0.01) experiments with pSP73.Sty11 are in good agreement with the statistically calculated value of 2.67. At shorter incubation times or lower r f values, this ratio is smaller. These findings are consistent with the results of the replication blockage experiments, indicating that cisplatin does not specifically target G-rich DNA sequences in vitro.
DISCUSSION
Replication mapping of cisplatin over a large number of nucleotides in random sequence DNA does not indicate any long-range sequence dependence of platinum adduct formation. Despite the low levels of platinum on the DNA, 89% of all possible GG sites also blocked replication in the mapping experiment. This number reflects the presence of platinum adducts at essentially all possible binding sites without notable selectivity for any particular sequence. This phenomenon is not a consequence of saturation of all possible platinum binding sites because the adduct levels, r b = 0.001-0.002, are well below the saturation (D/N) value of 0.06 for all GG sites in this sequence and in random sequence DNA. The mapped sequence carries only between three and six cisplatin adducts per strand under the experimental conditions. There are 34 sites in which G n>3 and 11 where G n>4 (Table 2) . If cisplatin significantly preferred to bind at polydG sites, these positions should sequester all available platinum. The data reveal, however, that replication blockage also occurs at G 2 sites spaced throughout the sequence, clearly indicating that cisplatin does not target polydG sequences.
The extent to which platinum binds to a given dinucleotide cannot be fully assessed because of ambiguity about the nature of the adduct present at each site. In the case of AGG or G n>2 stop sites, there are at least three different adducts that can form when platinum binds, namely, A*G*G, AG*G* and A*GG*, where asterisks indicate the platinum-modified bases. The position of the last incorporated base suggests that in many sites more than one type of adduct may be present because blockage occurs at many or all of the potentially modified bases and also at the position 3′ to the first possible modified base (17) . The likely explanation for this observation is that, within the population of platinated templates, each type of adduct is present. Certain sequences, such as those with more than two deoxyguanosines in a row, appear to give several stops within the likely platinum target site. Replication mapping on site-specifically platinated genomes containing the cis-Pt-d(GpG), cis-Pt-d(ApG), and cis-Pt-d(GpNpG) platinum adducts demonstrates that even unique adducts do not necessarily result in a single stop site (17) . The multiplicity of stop sites is presumably a function of the response of the polymerase to the platinum adduct, suggesting that it is not possible to determine the amount of platinum bound at a given dinucleotide site by using replication mapping. Therefore, the observation that polydG sequences (G n>4 , Table 2 ) always cause blockage of replication on a platinated template is most likely due to the presence of multiple binding sites rather than a preference for flanking deoxyguanosine base pairs around a GG dinucleotide. This conclusion is supported by the presence of multiple bands at these stop sites as well as by experiments with (TTAGGG) n -containing plasmids. Platination of the pSP73.Sty11 plasmid was used to model the overall genome, because most of the DNA, 75% of the plasmid, has random sequences, and the remainder has a repeating G-rich sequence. In eukaryotic DNA the percentage of telomeric sequence is much smaller (∼0.01%) than in the plasmid model (23, 24) . Nevertheless, even with this higher percentage of telomere sequence, platination of pSP73.Sty11 showed only a statistically predictable number of platinum adducts on the telomere insert, ∼2.6-fold more lesions relative to the random DNA comprising the bulk of the plasmid (Fig. 3) . This result is in agreement with the replication blockage assay and suggests that enhanced damage to specific regions of the genome is unlikely in vivo as a result of only sequence context.
The absence of long-range sequence dependence for the binding of cisplatin to DNA suggests that minor changes in the secondary structure of the DNA do not strongly influence drug binding. Electrostatic considerations may be of substantially greater importance in the interaction of small electrophiles, such as aquated cisplatin, with DNA. The N7 position of guanine has a greater Lewis basicity than any other site on the DNA double helix and is therefore expected to provide the best donor capability for late transition metal ions (25) . The preferential binding of cisplatin to these bases is predominantly a result of electrostatic attraction of the platinum toward the most nucleophilic sites (26, 27) .
It has been suggested that targeting of platinum to telomeric or G-rich regulatory regions may play an important role in the mechanism of cisplatin (18, 19) . SV40 viruses having deletions in the G-rich origin region of their genome are resistant to cisplatin (28) . The present replication blockage experiments included the origin of replication of the SV40 virus and revealed no preferential platination of these G-rich sequences, in agreement with previous studies (29) . Platination of the telomere sequence in pSP73.Sty11 is only 2.6-fold greater than random DNA. Therefore, any enhanced platination of these sequences in vivo would have to arise from increased access of cisplatin because of cellular packaging or processing of DNA. Such targeting was found for promoters of actively-transcribed genes (30) . Although binding of cisplatin to these sensitive regions of the genome can clearly be capable of disrupting cellular activity, there is no intrinsic sequence preference for binding to such sites beyond the availability of multiple GG units.
Binding to an essential part of the genome could clearly be deleterious for cell survival. It is interesting to consider the probability that such targeting would occur in a patient treated with cisplatin. The human genome contains 3 × 10 9 base pairs of DNA of which ∼10-20% are functionally important as coding, control or regulatory sequences. The probability that a platinum adduct will be present at a given site in the human genome in vivo can be estimated from the D/N ratio in treated patients. Adduct levels of 0.05-0.2 fmol Pt/µg DNA, corresponding to an r b of 2-7 × 10 -8 occurred in 40 patients whose tumors were responsive to treatment (5). Higher levels of platinum, 0.5-9 fmol/µg DNA, r b = 2-30 × 10 -7 , were found in a smaller set of patients when samples were taken more rapidly following administration of the drug (31) . In the latter study, rapid removal of platinum from the DNA was observed in the first 24 h after administration to a level that was consistent with that observed in the former survey. The probability that platinum will bind once to a given gene is then r b × N, where N is the number of nucleotides. If an entire gene contains 1 × 10 4 nucleotides that are essential for expression, the probability that this gene will contain one platinum atom is between 0.0002 (r b = 2 × 10 -8 ) and 0.03 (r b = 3 × 10 -6 ) (32). For the purposes of this discussion, it was assumed that the average gene contains 1 × 10 4 nucleotides, all of which are necessary for expression. This value is likely to be an overestimate for most genes. A study that assessed the effect of platinum adducts on the expression of chloramphenicol acetyltransferase activity in transfected cells discovered that the level of platinum required to inactivate the transfected gene depended on the repair proficiency of the host cells (33) . On average an r b = 1-20 × 10 -4 was required to produce a hit in this system. These adduct levels are significantly higher than those observed in patients, suggesting that gene targeting may not be significant in the clinical efficacy of cisplatin.
SUPPLEMENTARY MATERIAL
Supplementary Material consisting of detailed mapping and stop-site sequences and an agarose dye gel of resolved 800 bp insert and pSP73 fragments is available at NAR Online.
